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2 ABSTRACT

This report has been prepared on the basis of internship work done during August 4, 2014
- November 4, 2014. The report has been divided into two sections, each section based
on a different task assigned during the internship. Each section discusses about the
objectives, methodology, results, conclusion and recommendation for the respective task.

The first section explains the benchmarking of the python based turbine model which has
been developed at DNV-GL; against the industrial data and the old excel based Turbine
model. For the benchmarking task internal turbines (i.e. wind turbines designed at DNV-
GL) and external turbines (i.e. wind turbines which are not designed by DNV-GL) were
considered. Results of the benchmarking done against internal turbines were more useful
as more turbine data were available for them. The data for the external turbines were
limited. The benchmarking task was an iterative process. Results of the benchmarking
were useful in identifying the bugs in the python based Turbine Model. This report only
discusses about the latest benchmarking done using the internal turbines data, which was
completed on October 3, 2014.

The second section describes about various methods for obtaining the power law fit
coefficient for load components by using the load database available at DNV-GL. In
addition, power law fit coefficient for calculating the expected power is also obtained. The
power law fit coefficients obtained are exported to a CSV file, which will be used in the
Turbine Model for calculating the loads. These coefficients for various load components
were obtained considering various components of load data. Scripts were written in
Python to access the required data from the load database and to perform the
calculations. Results from the various methods to obtain Power law fit coefficient are
compared and the better approach among these methods is identified. Future works
needed for improving the results has been recommended.
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3 SECTION 1 - BENCHMARKING OF PYTHON BASED TURBINE
MODEL OF COST OF ENERGY MODEL

3.1 Introduction

DNV-GL is migrating from its old Excel based Cost of Energy Model for wind turbines to its
new Python based Cost of Energy Model. For this purpose the Turbine Model, which is a
part of the Cost of Energy Model had to be benchmarked. The benchmarking task was
done by comparing the turbine component mass results obtained from the Python based
Turbine Model against the results from Excel based Turbine Model and the actual data.
For collecting the actual turbine data internal turbines (i.e. wind turbines designed at
DNV-GL) and external turbines (i.e. wind turbines which are not designed by DNV-GL)
were considered. However, more reliable data were available for internal turbines. The
benchmarking task was an iterative process and was re-run after modifications were
made on the basis of the benchmarking results. In this section only the latest
benchmarking done using the internal turbines data is presented.

The latest benchmarking task was done using the internal turbine data. The external
turbines were not considered in the latest benchmarking as individual component masses
were not available. Collective component masses (e.g. RNA mass) were only available for
the external turbines. Benchmarking against collective component masses did not give a
clear idea about the source of error. In a collective component mass, the error can be in
positive and negative for different components and hence when they are added the final
value can have a lower error; while in reality the error is high.

3.2 Objective

To perform benchmarking of the python based turbine model developed at DNV-GL.

e To compare the results obtained from the python based turbine model against the
industrial turbine data available at DNV-GL database.

e To compare the results obtained from the python based turbine model against the
results from the old excel based turbine model, which was also developed at DNV-
GL.

3.3 Theory — Cost of Energy

Cost of energy (CoE) is defined as the unit cost to produce energy (in €/kWh) from the
wind energy system. Designers would want to have a minimum value for the CoE, hence
a minimum value of the mass of the components, but considering the components to be
strong enough for the extreme and fatigue conditions [1]. Calculation of mass of turbine
components plays a significant role in the Cost of energy. It can be written as:
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Total costs
E=—"—"""-—][1
Co Energy Produced [ ]

FCR.CAPEX+OPEX
— [2]

It can also be expressed as used in DNV-GL : CoE = 5P

Where,
CAPEX is the total capital expenditure of the farm

FCR is the fixed charge rate applied to CAPEX
OPEX is the annual operating expenditures

AEP is the annual electricity production of the farm

FCR is calculated using the following relation: FCR = 1_(1;)_“ [2]

Where, r is the summation of inflation rate and real interest rate; and n is the number of
years over which the loan runs.

Input l:’E gil ing del l:’ Fil ial p I:) Economic output

)

A4

A 4

Economic

Site & Farm
inputs : model

Discount
rate
Taxes,
subsidies

Figure 1.1: Schematic flow diagram CoE model [2]

Figure 1.1 shows the schematic layout of the Cost of Energy model at DNV-GL. The model
has 4 sub-models: Balance of Plant (BOP) model, Turbine model, Operation &
Maintenance model and Economic model. Balance of plant model is developed at DNV GL
on the basis of its work with offshore turbines. This model gives the cost of support
structure, offshore installation and farm electrical layout. Turbine model is developed at
DNV GL with the experience on turbine design, extensive database of turbine loads, mass
and costs of turbine components. The turbine model gives the mass of components and
also their costs. AEP is also predicted by this model. Operation & Maintenance model does
the analysis and optimization of O&M strategies and gives the farm availability and OPEX.
The outputs from these three models are inputs for the economic model which finally
gives the CoE. [2]
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3.4 Methodology

Following steps were done for doing the benchmarking task:
¢ Twelve internal turbines were selected for the benchmarking task.

e The inputs required for running the python based turbine model and excel based
turbine model were prepared. Details regarding procedure for running the python
based turbine model has been attached along with this report in the attached
folder. Preparation of this document was also done as part of the internship task.
Steps for doing the benchmarking against internal turbines were followed from this
document named
“Procedure_for_benchmarking_against_internal_and_external_turbine.docx”.

e Results from the python based turbine model and excel based turbine model along
with actual turbine data were plotted in a bar graph. Python based code for this
task is attached in Appendix A. Detailed code is attached in the attached folder
along with this report.

3.5 Results

In this section the result for only one mass component is discussed. The mass value and
the names of the turbines are kept confidential. Details of this plot and the other
component masses are attached in the attached folder attached along this report.

low_speed shaft_mass_total

B Industrial_data
E Python_based_turbine_model
|| Excel_based_turbine_model

Mass

= = = = = = = = = = = =
= = = = = = = = = = = =
M~ m [Tl [Ta] (o] ~ un [Ta] [Ta] [T] M~ o
- ~ m o« ' o o~ — — ~ ~ —
° e e + © e ~ o o o A o
S o S S — —
Figure 1.2: Low Speed Shaft Mass plot
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Figure 1.2 shows the low speed shaft mass plot of the actual turbine data against the
results from python based turbine model and excel based turbine model. From the result
we can see that the python based turbine model is showing better results for majority of
turbines. However for some smaller turbines the python based turbine model is
underestimating the result. But the error is lower compared with the old excel based
turbine model except for 04_2.5MW and 08_1.5MW turbines.

3.6 Conclusion

The results of benchmarking against internal turbines are more reliable and this is
preferred to the benchmarking against external turbines. From the observation of the
results of benchmarking against internal turbines of various mass components which has
been attached in the attached folder, we find that the python based turbine model is
giving overall good results for generator frame, generator mass, hub mass, inverter mass,
low speed shaft mass, nacelle cover mass, rotor blades mass, rotor pitch bearing mass,
tower mass and rotor pitch system mass.

But results of main bearing housing mass, main bearing mass, yaw bearing and yaw
system were not so good for some turbines. Transmission mass were high for large
turbines.

3.7 Recommendation

e The mass components for which the results are not good are mentioned in
conclusion. These models need to be improved for having better results from the
Python based turbine model.

¢ Benchmarking is an iterative process, so a set of turbines both for internal turbines
and external turbines with all the necessary files to run the python based turbine
model has been prepared. As a part of internship task this has been documented
clearly in the document
“Procedure_for_benchmarking_against_internal_and_external_turbine.docx”.
Future benchmarking can be done following this document after any change has
been made to the Turbine Model.

¢ DNV - GL wants to have new load coefficient file, which will be based on the new
load database. Once this task has been finalized it is necessary to do the
benchmarking task again.
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4 SECTION 2 - FIND BEST APPROACH TO CREATE LOAD
COEFFICIENT CSV FILE

4.1 Introduction

DNV-GL has been using power law fit coefficient CSV file for calculating various load
components and expected power, which was created using class II turbines. This was
based on the old load database. Now the company has an updated database with wide
range of turbines. Based on this new load database new Power law fit coefficient were
obtained. The Turbine model was run with this new Power law fit coefficient. The turbines
which were used for the internal benchmarking of the turbine model were used to
evaluate the results of the new Power law fit coefficient by running the Turbine model.
The actual loads with the results obtained from using the old load coefficient CSV and new
load coefficient CSV were compared.

4.2 Objective

To find the best approach to calculate load and expected power coefficients using power
law fit for various load components and power, to be used in the Turbine model of Cost of
Energy model.

e To identify various method to do the power law fit and prepare the CSV file for
each method.

e Compare the results for each method against 10 internal turbines’ loads from the
load database at DNV-GL.

e Evaluate the results of various methods and suggest the best method among them
with recommendation for improvement.

4.3 Theory - Power Law Fit

In load component versus diameter and power versus diameter plot, power law fit trend
line gives a good fit for the data. The moments are approximately cubic with diameter
and forces are approximately square with diameter. Similarly for power versus diameter,
power is approximately square with diameter [3].

Power law equation is of the form:
y=kD" ... (2.1)

In case of power law fit for load component versus diameter y denotes the load and D is
the diameter, and for power versus diameter y denotes the power and D is the diameter.
In order to do the power law fit, coefficients k and n must be solved. Least square
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method can be used for fitting the data with the power law. For that we can linearize the
equation (2.1) as follows:

Iny=Ink+nlnD ....... (2.2)

This equation is comparable to the linear equation = mx +c .......... (2.3); where
y=Iny

Cc=Ink

m =n

X =1InD

The least square method gives us two equations (i.e. equation 2.4 and 2.5) which have to
be solved to obtain the coefficient m and c; which will later be used to obtain the value
for k and n.

Y =2 X 4+ NC e (2.4)

S xyi=mY X2+ eX X s (2.5)

For measuring the goodness of fit, Coefficient of determination also known as R? is used.
It is defined as:

R2=1-3 .. (2.6)

SST

Where SSE (error sum of squares) = Y.(y; — 9;)?
SST (total corrected sum of squares) = Y (y; — ;)

Fit is considered perfect for R? =1 and bad for RZ2 =0

[4]

4.4 Methodology

Following steps were followed to accomplish the objective:

e Various methods, i.e Method 1,2,3,4,5 and 6 described below were identified and
used to do the power law fit to obtain the power law fit coefficient for load and
expected power; which was exported to a CSV file. To run the turbine model using
this CSV file, it has to be uploaded in the
“Software\Source\Engineering\CostModelling\Turbine\Loads"” folder.

e Loads data were obtained for ten internal turbines. These turbines were same as
the ones used in internal benchmarking.

e The turbine model was run with the “batch_csv_test.csv” which was prepared for
the internal benchmarking.
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A comparison was done between the actual loads, loads calculated using the old
CSV file and loads calculated using the new CSV file.

Results from Method 1,2,3,4,5 and 6 were compared and one of the methods was
recommended as the best approach among them.

The above mentioned steps were done for cases using wind class correction factor
and without using wind class correction factor.

The methods to obtain power law fit coefficient for load and power are described below:

Method 1: In this method Power Law fit for various load components and power is done
to give the Power Law fit coefficient. No data has been filtered.

Method 2: In this method filtering of data has been done once. Turbines which are
'Generic_10MW','NREL','seismic','SWAY' and 'Clipper' are removed in the analysis.

Method 3: Here the following steps are followed:

From the load database, turbines which are
'Generic_10MW','NREL','seismic','SWAY' and 'Clipper' are removed. This is the first
filter.

A power law fit is done.
Error for each turbine is calculated for each load component (e.g. EBR_MXx). Here:

Error = ((Actual value of the load - Estimated value from the curve fit)/ Actual
value of the load) *100

Then a list of turbines is prepared which have more than 50% error in more than 4
load components.

Again power law fit is done; this time excluding the list of turbines which have
more than 50% error in more than 4 load components and also the turbines in first
filter. This is the second filter.

The turbines filtered in the second filter and first filter are filtered for calculating
the power coefficient. The power versus diameter is also fitted using power law fit
and the power law coefficients are obtained.

Finally we obtain the new fit with new power law fit coefficients for power and load.

Method 4: Here the following steps are followed:

From the load database, turbines which are
'Generic_10MW','NREL','seismic','SWAY' and 'Clipper' are removed. This is the first
filter.

If the turbines have same diameter with different loads, the lesser value load is
multiplied by a correction factor.

A power law fit is done.

Error for each turbine is calculated for each load component (e.g. EBR_MXx). Here:

DNV GL - Report No., Rev. - www.dnvgl.com Page 9
Garrad Hassan Turbine Engineering



Error = ((Actual value of the load - Estimated value from the curve fit)/ Actual
value of the load) *100

e Then a list of turbines is prepared which have more than 50% error in more than 4
load components.

e Again power law fit is done; this time excluding the list of turbines which have
more than 50% error in more than 4 load components and also the turbines in first
filter. This is the second filter.

e Again, if the turbines have same diameter with different loads, the lesser value
load is multiplied by a correction factor.

e Finally we obtain the new fit with new load power fit coefficients.

Method 5: This method follows the same steps that have been followed in the old excel
based Turbine model:

¢ From the load database, turbines which are
'Generic_10MW','NREL','seismic','SWAY' and 'Clipper' are removed. This is the first
filter.

e Power law fit coefficients for loads and power; are obtained using the loads
database.

e Using the above Power law fit coefficients; new Power law fit coefficients are
calculated for different diameter.

¢ Finally an average Power law fit coefficients is calculated which is exported to the
csv file.

e Again, a second filter is done as in method 3 and same steps are repeated to
obtain the final Power law fit coefficients

Method 6: In this method fit was done for individual wind class. Turbines which are
'Generic_10MW','NREL','seismic','SWAY' and 'Clipper' are removed for this analysis. Wind
class 2 power law coefficients were used later for calculating the loads.

[The python code in detail for each method is in the attached folder attached along with
this report. The code for method 1 is shown in Appendix B]

4.5 Results

4.5.1 Overview of a Load Component

Power Law Fit Plot

34 load components have been analyzed. But in this section the plots for only one load
component is shown. The power law fit for each of the methods are shown in the figures
below for extreme blade root My component. To protect the confidentiality of the data the
scale has not been provided in either axis. Plots for other load components along with this
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load component are shown in detail in the attached folder that has been attached along
with this report. Also the python code to do the power fit plot and generating the CSV file
is attached. Plots shown below includes wind class correction factor for all the methods.

Method | Power Law Fit Plot

1 R~2 = 0.865089160907

All data shown in this plot is DNV GL confidential and should not be disclosed outside TES without permission
T T T

loads.extreme.bladeroot(hubrotatingaxes).My.abs

model.rcon.diam

Figure 2.1: EBR_My plot using Method 1

2 R~2 =0.934512671959

all data shown in this plot is DNV GL confidential and should not be disclosed o
T T

utside TES without pen
T T

mission

loads.extreme.bladeroot(hubrotatingaxes).My.abs

model.rcon.diam

Figure 2.2: EBR_My plot using Method 2
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3 R™2 =0.951650937994

loads.extreme.bladeroot(hubrotatingaxes).My.abs

All data shown in this plot is DNV GL confidential and should not be disclosed outside TES without permission
T T T T T T T

model.rcon.diam

Figure 2.3: EBR_My plot using Method 3

4 R~2 =0.953168789784

All data shown in this plot is DNV GL confidential and should not be disclosed outside TES without permission
T T

loads.extreme.bladeroot(hubrotatingaxes).My.abs

model.rcon.diam

Figure 2.4: EBR_My plot using Method 4
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5 R™2 =0.94343288028

All data shown in this plot is GH confidential and should not be disclosed outside TE without permission
T T T T T T T

loads.extreme.bladeroot(hubrotatingaxes).My.abs

model.rcon.diam

Figure 2.5: EBR_My plot using Method 5
6 (R~2)1 = 0.936505455399, (R"2)2 = 0.947717283273 and (R"2)3 = 0.916480449857

All data shown in this plot is DNV GL confidential and should not be disclosed outside TES without permission

' ' ' ' ‘ ' ‘ — classl_plot
— class2_plot
1| — class3_plot

loads.extreme.bladeroot(hubrotatingaxes).My.abs

model.rcon.diam

Figure 2.6: EBR_My plot using Method 6

Observing from Figure 2.1 to 2.6, we could see that better results were obtained for
Figure 2.4- method 4. But while using method 4, we need to have the condition that data
for diameter, power and load are available for all the turbines. However this leads to
removing few turbines from the analysis. So this method has a bit less turbines than in
Figure 2.3-method 3. Method 3 and method 4 are comparable in terms of R- squared
value. Also we can see Figure 2.5 - method 5 has good R- squared value. In some load
components method 5 even has better R- squared value. But in majority method 3 and
method 4 have better R- squared value. In Figure 2.6 - method 6, we can see the power
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law fit done for individual class. This can also be a good method. But for the present
analysis, turbines for individual wind class are less. In some load components we would
have only 1 turbine. So method 6 is not a suitable approach for all the load components.
However loads have been calculated using the CSV generated using wind class 2 data.

Load plot

Plots for load extreme blade root My component obtained using the new load coefficient
CSV against the actual load data against the load from old load coefficient is shown in
figures below. The new coefficient loads plot in the plots below means for each respective
method. To protect the confidentiality of the data the scale and the names of the turbines
has not been provided. Plots for this load component and other load components are
shown in detail in the attached folder that has been attached along with this report. Also
the python code to do the plot is attached. Plots shown below includes wind class
correction factor for all the methods.

Method | Loads comparison
1 loads_EBR_MY

Il old_coeff_loads_plot
||l new_coeff_loads_plot
B actual_load_plot

Load

= = = = = = = = = = = =
= = = = = = s = = s = =
~ m wy uwy ~ M~ [Ta] wy uwy [Ta] ~ o
= o m n o N — — ~N ~N =
o °© o 4 © e ~ o o' P ]
=3 s o 3 A A
Figure 2.7: EBR_My load plot Method 1
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2 loads EBR MY
: : : : ' B old_coeff_loads_plot
I | | I new_coeff_loads_plot
I actual_load_plot
©
) |
S
= = =2 = = = = = = = =2 =
£ £ £ £ £ £ £ = = = = =
~ M mn un ™~ r~ mn un mn mn ~ [=]
- o ' ~N ! o' ~N — — o~ ~ =
o o o g © © ~ o' o o ' ]
(=] [=) o o — —
Figure 2.8: EBR_My load plot Method 2
3

Load

=
=
~
—
o

02_3MW

03_5MW

04_2.5MW

loads EBR_MY

05_2MW

06_7MW

7_2.5MW

o

8 1.5MW

[=]

09_1.5MwW

10_2.5MW

11 2.7MW

12_10MW

B old_coeff _loads_plot
Hl new_coeff_loads_plot
B actual_load_plot

Figure 2.9: EBR_My load plot Method 3
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4 loads EBR_MY

Load

I old_coeff_loads_plot
Hl new_coeff_loads_plot
I actual_load_plot

= z =z =z T T z =z =z =z = =
= = = = = = = = = = = =
~ m w uw ~ ~ n uw L T3] ~ o
' ~ P ~ " o' ~ — — o~ ~ =
=} =] =] q_l o =} ! o' o o - ~
(=] (=] (=] [=) — —
Figure 2.10: EBR_My load plot Method 4

5 loads_EBR_MY

Load

10_2.5MW

11_2.7MW

12_10MW

I old_coeff _loads_plot
Il new_coeff_loads_plot
I actual_load_plot

= = = = = = = = =
= = = £ = = = = =
~ [1a] [Ta] [Ta] ™~ ~ [Ta] [Ta] [Ta]
'_‘I NI ml ~ I-nl ‘DI ~ — —
o o =) o' o =] ! ! o
(=] o o o
Figure 2.11: EBR_My load plot Method 5
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6 loads_EBR_MY
! ‘ ‘ : : ‘ ‘ : I old_coeff _loads_plot

||l new_coeff_loads_plot

B actual_load_plot

Load

2.5MW
1.5MW

=
=
=
—
o

02_3MW
03_5MW
04_2.5MW
05_2MW
06_7MW

09_1.5MW

10_2.5MwW

11_2.7MW

12_10MW

w
o

Figure 2.12: EBR_My load plot Method 6

07

Observing from Figure 2.7 to 2.12, we could see that better results were for Figure 2.8 -
Method 2. The results for method 2 and 1 seem to be comparable. Figure 2.11 - Method
5 shows that instead of the results being equal to the actual load, it is equal to the result
using old load coefficient. However this equality is only for this load component. Also in
other load components Method 5 does not show good results.

4.6 Comparison of Various Load Components

The above results are shown for only one load component including the wind class
correction factor. However to make a conclusion about the above mentioned methods
both the cases using the wind class correction factor and without using the wind class
correction factor should be evaluated. In addition individual methods should be compared
for all the load components.

4.6.1 Comparison on Wind Class Correction Factor

The turbine model includes wind class correction factor. Comparison was done between
the results with including the correction factor and without including the correction factor
(this was done by commenting line 111-143 in the “loads.py” code).
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Comparison | Method Correction | Load components with | Load components with
Number Number Factor better result similar result
1 1 With 16 15
Without 3
2 2 With 24 10
Without 0
3 3 With 25 9
Without 0
4 4 With 25 9
Without 0
5 5 With 7 27
Without 0
6 6 With 25 9
Without 0

Table 2.1: Comparison of Methods including wind class correction factor and without
including wind class correction factor

From the above Table2.1 we can see that better results were obtained for all the Methods
when the wind class correction factor was included. Also there were load components
where the numbers of turbines having deviation from the actual result were of same
number for both the component. The detail python code used for comparing is in the
attached folder that has been attached with this report. Python code for comparison is
also shown in Appendix C

4.6.2 Comparison among Methods

Since including wind class correction factor had better results, only these will be included
for Method comparison. Results for overall loads were evaluated for all the methods.
Comparison was done between two individual methods to have a better understanding
which method is better than the other. For each load component individual turbine loads
were compared against the actual load. The deviation was compared between the
methods and the method with higher numbers of lesser deviation was considered a better
method for that load component. The comparison method is similar to the one used in
Table 2.1.

Comparison | Method Load components with Load components with
Number Number better result similar result
1 1 15 5
2 14
2 2 20 7
3 7
3 1 15 5
3 14
4 3 16 4
4 14
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5 2 23 1
4 10

6 2 29 2
5 3

7 2 13 8
6 13

8 2 24 6
Old_coeff 4

9 6 23 5
Old_ coeff 6

Table 2.2: Comparison of various methods of power law fit

From Table 2.2 we can see that Method1l and 2 seems to be the better approach for
obtaining the load coefficient CSV file to run the Turbine model. However Method 2 is
chosen as it is necessary to do the first filter. Method 6 can also be considered. But in
Method 6 some of the load components have only one turbine. Method 2 gives better
results compared to Method 6 when we compare it with the old load coefficient.

4.6.3 Results of Method 2

Observing results from Table 2.2, Method 2 was considered the better approach;
elaboration of the results of this method is done here. Since the new load coefficient CSV
is supposed to give better results than the Old load coefficient CSV, comparison between
them should be done. In comparison to the load results from the Old load coefficient CSV,
among 34 load components - 4 load components did not give good results. The 4 load
components plots are shown below:

loads EYB FX
! f ! ! B old_coeff loads plot
|| new_coeff_loads_plot
B actual_load_plot

Load

2.5MW

01_7MW

02_3MW
03_5MW
05_2MW
06_7MW

2.5MW
8 _1.5MW

=
=
n
—
@
o

10_2.5MW
11 2. 7MW
12_10MW

~
[=} (=]

Figure 2.13: EYB_Fx load plot Method

04
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loads_FHS_MY4

B old coeff loads_plot
El new_coeff_loads_plot
B actual_load_plot

Load

01_7MW

02_3MW
03_5MW
05 2MW
06_7MW
12 10MW

04 _2.5MW

07 2.5MW
08_1.5MW
10_2.5MW
11 2.7MW

=
=
i
—
3
2

Figure 2.14: FHS_MY4 load plot Method
loads FYB FX4

B old_coeff_loads_plot
El new_coeff_loads_plot
B actual_load_plot

Load

= = = = = = = = = = = =
= = = = = = = = = = = =
M~ [1a] Ta] [Ta] ™~ M~ Ta] Ta] [Ta] [Ta] M~ o
o o Mmoo n' o — — [ ~ ~
c ° e < @ e ~ o o o ~ 9o
S [S) =] S — -
Figure 2.15: FYB_FX4 load plot Method 2
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loads FYB MY4

B old_coeff _loads_plot
Hl new_coeff _loads_plot
B actual_load_plot

Load

01 7MW

02_3MW
03_5MW
05 2MW
06 7MW
12_10MW

04_2.5MW

07 2.5MW
08_1.5MW
09 _1.5MwW
10_2.5MW
11 2.7MW

Figure 2.16: FYB_MY4 load plot Method 2

Observing Figure 2.13 - 2.16 we can see the new load coefficient result from Method 2
was not as good as the result from the old load coefficient for the 4 load components. But
the results were comparable for smaller turbines. The deviations were higher in case of
class 1 turbines. Among the four load components, two load components (i.e. EYB_FX
and FYB_FX4) are not provided in the load coefficient CSV. They are calculated in the
Turbine model.

Comparison of FHS_MY4 and FYB_MY4 with and without wind correction factor

loads_FHS MY4 loads_FHS MY4

Load
Load

=
=
™
-
5]

02_3MW

03_5MW

05_2MwW

06_7TMW

=
=
™
-
S

02_3MwW

03_5MW

05_2MwW

06_7MW

04_2.5MW

07_2.5MW
08_1.5MwW
09_1.5MW
10_2.5MW
11_2. 7MW
12_10MW
04_2.5MW
07_2.5MW
08_1.5MW
09_1.5MW
10_2.5MW
11_2.7MW
12_10MW

Figure 2.17: FHS_MY4 with correction Figure 2.18: FHS_MY4 without correction
factor factor
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loads_FYB_MY4 loads_FYB_MY4

Load
Load

=
=
~
—
o

02_3MW
03_5MW
05_2MW
06_7MW
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~
—
o

04_2.5MW
02_3MW
03_5MW
05_2MW
06_7MW

07_2.5MW

08_1.5MW

09_1.5MW

10 _2.5MW

11 _2.7MW

12_10MwW

04_2.5MW

07_2.5MW

08_1.5MW

09_1.5MW

10_2.5MW

11_2.7MW

12_10MW

Figure 2.19: FYB_MY4 with correction factor | Figure 2.20: FYB_MY4 without correction
factor

The legend for Figure2.17 - 2.20 are same as for the earlier figures (e.g. Figure 2.16). In
Figure2.17 - 2.20; we can see that the load estimated from the power law fit coefficients
is not comparable to the actual loads for class I turbines, the estimated loads are lower.
So even after the wind class correction is done the deviation is still large.

4.7 Conclusion

Wind class correction factor which is considered in the Turbine Model gives better results
for all the methods than calculating the load without the wind class correction.

Also from the analysis of the various Methods identified for different load components,
Method 2 is the better approach among the six methods. But for four load components
Method 2 does not seem to be a suitable approach. Among the four load components two
load components are not calculated using the load coefficient CSV. So it can be said that
CSV generated using Method 2 is not suitable only for two load components (i.e.
FHS_MY4 and FYB_MY4). In these load components the load is underestimated for the
class 1 turbines. But the results are still comparable for smaller turbines. So overall the
load coefficient CSV generated using Method 2 is suitable to be used to run the “Turbine
model” among the identified six methods. Method 6 can also be considered but this
method would require more turbine data to be included in the load database.

4.8 Recommendation

e In this analysis, while comparing different methods, the results for each turbine
are compared. So the wind class of turbine selected for the analysis can play a
significant role in the comparison. Hence the next step can be that the comparison
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be done on the basis of wind class of turbines. Data should be collected for
turbines and categorized on the basis of wind class. This will help to know the
performance of the new load coefficient CSV in terms of wind class and also the
performance of the correction factors. This might also help to find a better solution
for load components FHS_MY4 and FYB_MY4 in which the results are better for the
Old load coefficient CSV. In addition if the load database has more data, load
coefficient CSV for individual wind class can be generated and the analysis can be
done considering it too.

e Proper evaluation of the Methods for doing the power law fit can be done by giving
weight to important load components. In this report all the load components are
given equal weight.

e In the current turbine model, the correction factor is used while running the
turbine model. The correction factor can also be added when we do the power law
fit. Comparison among these two approaches can be done, to see which gives a
better result.

e Changes in the turbine model have to be done so that the power law fit coefficient
for load components EYB_FX and FYB_FX4 can be included in the load coefficient
CSV. This will help in load calculation for these components using the coefficient
obtained from the new load database instead of obtaining the values considering
other load components.

e A better filtering approach should be considered. One of the approaches can be to
use standard filter lists accessible from the load database GUI. Here filtering refers
to the second filtering step which is done after filtering the Generic_10MW, NREL,
seismic, SWAY and Clipper.

o Another method for obtaining the load coefficient would be doing the surface fit for
load considering the diameter and the power density. This approach can be
identified as a new “Method” and be used to generate the load coefficient CSV.
Results of this new method can be compared with the results in this report. Below
in Figure 2.21 surface fit considering diameter and power density is shown. The
code used to do the plot is in the attached folder attached with this report. Due to
time limitation this method could not be explored. Further work to evaluate this
method is required.
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All data shown in this plot is DNV GL confidential and should not be disclosed outside TES without pern

Ioads.extreme.bladeroot(hub_rota

All data shown in this plot is DNV GL confidential and should not be disclosed outside TES without permission
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Figure 2.21 : Surface plot for EBR_My
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APPENDIX A: PYTHON CODE TO PLOT BENCHMARKING RESULTS

import pandas as pd

import matplotlib.pyplot as plt

mport numpy as np

import os

""" The following script plots the actual industrial data available at the DNV-GL database against the result obtained from the
python turbine model and the old excel cost model. If the user does not want to include theresults from the excel cost model
then comment line numbers 13,14,19,28,36; and delete ",excel_data_plot[0]", ",'Excel_data" from line 38.In order to run the
script please make sure that the folder which has this script, also contains the 'batch_csv_test.csv', 'batch_results.csv' and
'excel.csv' files. In case you are not plotting the results from excelcost model,'excel.csv' is not required. """

industrial_data = pd.read_csv('batch_csv_test.csv') # batch_csv_test.csv this is the input file for the python turbine model
and this file also has the industrial data of various componenets

python_data = pd.read_csv('batch_results.csv') # batch_results.csv is the result file generated by the python turbine model
excel_data = pd.read_csv('excel.csVv',';") # excel.csv file is created from the excel turbine model

excel_data['yaw_system'] = excel_data['yaw_brake_Mass ']+excel_data['yaw_motor_Mass ']

pos = np.arange(len(python_data['turbine_RNA_mass']))

width = 0.27

python_data_variables =
['tower_mass_total','rotor_blades_mass_total','rotor_pitch_bearings_mass_total','rotor_pitch_systems_mass_total','hub_mas
s_total','low_speed_shaft_mass_total','main_frame_mass_total','generator_frame_mass_total','main_bearings_mass_total',’
main_bearing_housing_mass_total','yaw_bearing_mass_total','yaw_system_mass_ total','nacelle_cover_mass_total','inverter_
mass_total','transmission_mass_total','generator_mass_total','turbine_RNA_mass']

excel_data_variables = ['Tower_Mass ','blade_set_Mass ','pitch_bearing_Mass ','pitch_system_except_bearing_Mass
','hub_Mass ','low_speed_shaft_king_pin_Mass ','bedplate_Mass ','generator_frame_Mass ','main_bearing_Mass
','main_bearing_housing_Mass ','yaw_bearing_Mass ','yaw_system','nacelle_cover_Mass ','inverter_Mass

','Drive_train_gearbox_Mass ','Drive_train_generator_Mass ','"RNA_SUM_inc_drivetrain_Mass ']

count = 0 # this variable is used as index number to access the parameters in the python_data_variables and
excel_data_variables and also for the plt.figure

path = 'industrial_python_excel_mass_plots' # this folder will be created in the folder which has this script; and the figure will
be saved inside this folder

if not os.path.exists(path):
os.makedirs(path)
for variables in python_data_variables :
plt.figure(count)
plt.grid()
industrial_data_column = python_data_variables[count] #assigning parameter from the python_data_variables list
python_data_variables_column = python_data_variables[count]
excel_data_variables_column = excel_data_variables[count]
checks = [index for index,value in enumerate(industrial_data[industrial_data_column]) if value == 'NONE'] # some of the

input parameters were missing so "NONE" was assigned to these parameters in the CSV file; now this line assigns "0" to the
"NONE" values
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for check in checks:

industrial_data[industrial_data_column][check]=0

industrial_data[industrial_data_column] = industrial_data[industrial_data_column].astype(np.float)

plt.ylabel('Mass’,fontsize=15)
industrial_data_plot=plt.bar(pos,industrial_data[industrial_data_column],width,color="r")
python_data_plot=plt.bar(pos+width,python_data[python_data_variables_column],width,color="b")
excel_data_plot=plt.bar(pos+width*2,excel_data[excel_data_variables_column],width,color="'g")

plt.xticks(pos+width*1.5,industrial_data['CalculationName'],rotation="vertical")

plt.legend((industrial_data_plot[0],python_data_plot[0],excel_data_plot[0]),('Industrial_data','Python_data','Excel_data'),loc

='center left',bbox_to_anchor =(1,0.90))
plt.title(industrial_data_column,fontsize=15)
filename = industrial_data_column
filename = os.path.join(path,filename)
plt.savefig(filename,bbox_inches="tight")

count +=1
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APPENDIX B: PYTHON CODE FOR METHOD 1

Note: The following code and codes for other methods are given in detail in the attached folder.

"""This function lcoads data from the DNG-GL load database to your hard disk"""
Idef load_data_to_your hard_drive():
load database = defaultdict(dict)
count=0
LDBpath = oa.path.join({cs.path.dirname (o3.path.dirname (database. file }), 'Database’)
p = database.loadDatabase (LDBpath)
for load code in load_codes:

load database[load code] ['load'] = p.getData(variables[count])
load_database[load_ceode] ['diameter'] = p.getData("model.rcon.diam")

count += 1

I pickle.dump({load database,open("database loads.pickle”, 'wh'})

I"""Thig function does the power law fit and generates plot with R-Squared and power law fit coefficients.

Load coefficient CSV file and CSV file which contains details about error of each turbine is generated. Error count in load cases is done for all the turbine

|

Idef regression_plot_csv_and error_count():
k_database = defaultdictidict)
error_in_load = defaultdict(dict)
k_database['p expected']['A'] =
k_database['p expected']['B'] =
k_databasze['p expected'|['C'] =

used

loads_data = pickle.load{open("database loads.pickle","rb"))
for load code in loads_data:
¥k, n, err = linearRegression.powerlawld(loads_data[load_code] ['diameter'],loads_data[load_code] ['load'])
k_database[load_code] ['A']= k
k_database[load_code] ['B'] = n[0]
k_database[load_code] ['R*2']= err
k_database[load_code]['C’ ]%’
plt.figure().suptitle(" R*2 = %5, k = &s and n = &%s " %{err, k,n[0]})
linearRegression.regressionFlot (loads_data[load_code] ['diameter'],loads_data[load code] ['lead'], k,n[0])
plt.savefig(load code)
for load code in load_codes:
y_actual = loads_data[load code] ['load']
¥_actual = loads_data [load_code] ['diameter']
k = k_datebase[load code] ['A']
n = k_database[load_code] ['B']

for key in v_actual:
if isinstance(y actual [key],flcat) and isinstance (x_actual [key],flcat):
y_estimated = k*({numpy.power (x_actual [key],n})
error_in load[load code] [key] = (abs(y_actual [key]-y_estimated))/y_actual [key] *100

select_data = [key for load code in error_in load for key in error in load[load code] if errcor in load[load code] [key]>50]
count_load error = Counter(select_data)
for key in count_load error:

error_in load['frequency of error_more than 50%'] [key]=count load_error[key]

dict_keys = scrted{error_in leoad.keys())
with open("error_in load in percentage.csv", "wb") as ggviile:
writer = cav.writer({cavfile)
writer.writerow(["Turbine"] + dict_keya)
all_keys = reduce(set.union, (set(d) for d in error_in_load.values()})
for key in sorted(all_keys):
writer.writerow([key] + [error_in_load[k].get(key, "") for k in dict_keys])

all_keys = reduce(set.union, (set{d) for d in k_database.values(})))
transpose_k_database = {key b: {[key a: k _database[key al].get(key b, '') for kev_a in k_database} for key b in all_keys}
transpose_k_database.pop('R*2')
k_database = transpose_k_database
dict_keys = sorted(k_database.keys())
with cpen("load cgeffs.csv","wb") as gavfiile:

writer = csv.writer(csviile)

writer.writerow([""]+dict_keys)

all_keys = reduce(set.union, (set(d) for d in k_database.values()))

for key in sorted(all_keys, reverse=True):

writer.writerow([key] + [k_database[k].get(key, "") for k in dict_keys])
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APPENDIX C: PYTHON CODE FOR METHOD COMPARISION

import pandas as pd
import matplotlib.pyplot as plt
import numpy as np

load_variables =
['loads_EBR_MX','loads_EBR_MXY','loads_EBR_MY','loads_EBR_MZ','loads_EHR_FX','loads_EHR_MX",'loa
ds_EHR_MYZ','loads_EHS_MY','loads_EHS_MYZ','loads_EHS_MZ','loads_EYB_FX','loads_EYB_MX','loads_
EYB_MXY','loads_EYB_MY','loads_EYB_MZ','loads_FBR_MX10','loads_FBR_MX4','loads_FBR_MX9','loads_
FBR_MY10','loads_FBR_MY4','loads_FBR_MY9','loads_FBR_MZ10','loads_FBR_MZ4','loads_FHR_FX4','load
s_FHR_FZ4','loads_FHR_MX4','loads_FHR_MY4','loads_FHR_MZ4','loads_FHS_MY4','loads_FHS_MZ4','loa
ds_FYB_FX4','loads_FYB_MX4','loads_FYB_MY4','loads_FYB_MZz4',]

old_coeff_results = pd.read_csv('batch_results_old_load_coeff.csv')

# old_coeff_results = pd.read_csv('m2_with_batch_results.csv')

new_coeff_results = pd.read_csv('m2_with_batch_results.csv')

actual_load = pd.read_csv('actual_load_collection.csv')

turbine_names = old_coeff_results.ix[:,0]

pos = np.arange(len(turbine_names))

width = 0.27

count = 0

load_less_deviation_old_coeff = []

load_less_deviation_new_coeff = []

equal_coeff = []

for variables in load_variables:
deviation_old_coeff _count = 0
deviation_new_coeff count = 0
old_coeff_results[variables] *= 1e-3
new_coeff_results[variables] *= 1e-3
checks = [index for index,value in enumerate(actual_load[variables]) if value == 0]
actual_load_edited = np.delete(actual_load[variables],checks)
new_coeff_results_edited = np.delete(new_coeff_results[variables],checks)
old_coeff_results_edited = np.delete(old_coeff_results[variables],checks)
deviation_old_coeff = np.subtract(old_coeff_results_edited,actual_load_edited)

deviation_old_coeff = np.abs(deviation_old_coeff)
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deviation_new_coeff = np.subtract(new_coeff_results_edited,actual_load_edited)

deviation_new_coeff = np.abs(deviation_new_coeff)
for index,value in enumerate(deviation_old_coeff):
if value < deviation_new_coeff[index]:
deviation_old_coeff _count +=1
elif value > deviation_new_coeff[index]:
deviation_new_coeff count += 1
else:
pass
if deviation_old_coeff _count > deviation_new_coeff count:

load_less_deviation_old_coeff.append(variables)

elif deviation_old_coeff_count == deviation_new_coeff_count:

equal_coeff.append(variables)
else:
load_less_deviation_new_coeff.append(variables)
print len(load_less_deviation_old_coeff)
print len(load_less_deviation_new_coeff)

print len(equal_coeff)
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APPENDIX D: DETAILS OF ATTACHMENTS IN ATTACHED FOLDER

The python codes shown in Appendix A,B and C were to give an impression of the work.
The details of the results and the python codes with all required files to run it are in the
attached folder attached with this report. The attached folder is described below:

There are two main folders named 1_Benchmarking_Task and 2_Load_Coefficient_Task.

1_Benchmarking_Task has the following folders and the details are as follows:

e 1 1 procedure_to_do_benchmarking folder has the word document which
describes about the steps needed to follow, to do benchmarking against internal
turbines and external turbines. All the files necessary to do the benchmarking are
already prepared and have been described in this document. The required files are
present in this folder and also in the company share drive.

e 1 2 internal_benchmark_plots folder has the plots from the internal benchmarking.
Details plot of various components as shown in Figure 1.2 is available in this folder.
Python code to do the plot is available in the folder.

e 1 3_external_benchmark_plots folder has all the plots from external benchmarking.
Python code to do the plot is available in the folder.

2_Load_Coefficient_Task has the following folders and the details are as follows:

e 2 1 CSV_Generation_Methods folder has python code for each method described
in section 4.4 for load coefficient CSV file generation. The power law fit plots
generated for each method is also in the folder.

e 2_2 method_comparision has python code to compare the results from various
methods. Comparison is done between methods including wind class correction.
Also comparison is done for a method including wind class correction and without
including wind class correction. It is described in section 4.6.

e 2_3_load_plot folder has python code with detail plots loads for each method.

e 2_4 3D_plot has python code with detail plots for the 3D plots as shown in Figure
2.21.
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